Microbial production of biofuels and bioproducts offers a sustainable and economic 2 alternative to petroleum-based fuels and chemicals. The basidiomycete yeast 3
IMPORTANCE

23
Microbial biofuel and bioproduct platforms provide access to clean and renewable carbon 24 sources that are more sustainable and environmentally friendly than petroleum-based 25 carbon sources. Furthermore, they can serve as useful conduits for the synthesis of 26 advanced molecules that are difficult to produce through strictly chemical means. R. 27
toruloides has emerged as a promising potential host for converting renewable 28 lignocellulosic material into valuable fuels and chemicals. However, engineering efforts 29 to improve the yeast's production capabilities have been impeded by a lack of advanced 30 tools for genome engineering. While this is rapidly changing, one key tool remains 31 unexplored in R. toruloides; CRISPR-Cas9. The results outlined here demonstrate for the 32 first time how effective multiplexed CRISPR-Cas9 gene disruption provides a framework 33 for other researchers to utilize this revolutionary genome-editing tool effectively in R. was to re-consider the 20nt DNA targeting sequence used in the sgRNA. Complex 178 secondary structure near the DNA target sequence can lead to significant hindrance to 179
Cas9 activity (37). Therefore, the program sgRNA Scorer 2.0 was used to optimize target 180 sequences of Cas9 (38). This program is based on sgRNA design principles uncovered 181 in human cell lines, and while it has been utilized to design successful sgRNAs for Cas9 182 editing in yeast (39), its applicability outside of human cell lines is not well-known. 183
Therefore, seven new target sequences for URA3 were selected representing a range of 184 different predicted scores and a series of new editing constructs were generated 185 (plasmids 213-233, Table S1 ) to test their relative editing efficiency. Altering the sgRNA 186 targeting sequence had a noticeable impact on editing efficiency. In the optimal case, 187 editing efficiency was improved ~14-fold over the original sgRNA target sequence, while 188 the sgRNA predicted to perform worst reduced editing efficiency ~9-fold ( R. toruloides, a native SNR52 sequence for driving sgRNA expression could not be used. 208
To utilize a native R. toruloides sequence, we turned to an alternative promoter 209 system to drive sgRNA expression. Work in other fungi has found that tRNAs can serve 210 as promoters for sgRNAs in vivo (35, 42). Furthermore, tRNAs contain internal elements 211 that promote RNase P and Z mediated cleavage at specific sites, allowing for formation 212 of precise final sgRNA sequences. Including the R. toruloides tRNA Tyr sequence 213 downstream of the S. cerevisiae SNR52 promoter increased editing efficiency slightly 214 (1.8-fold), but significantly (P = 0.02) (Fig. 2C) . Furthermore, directly replacing the SNR52 215 promoter with tRNAs led to successful editing. This was particularly true of tRNA Phe and 216 tRNA Tyr , whose use as sgRNA promoters led to editing efficiencies 14-fold and 13-fold 217 greater, respectively (or 0.62% ± 0.50% and 0.59% ± 0.34% editing efficiency, 218 respectively). These results indicate that native R. toruloides tRNA promoters are more 219 effective than heterologous SNR52 promoters for Cas9-based gene editing. This could 220 be due to increased sgRNA expression, although this remains to be tested. 221
222
Multiplexed gene disruption with CRISPR Cas9. In order to develop a multiplex 223 gene editing system for R. toruloides, a second target gene was selected, CAR2, a gene 224 that encodes for a phytoene synthase/lycopene cyclase protein that is essential for 225 carotenoid biosynthesis (43). Loss of CAR2 function is easily observed as a change in 226 colony color from red to white. 227
A set of single guides targeting CAR2 were first designed to disrupt the CAR2 locus 228 and their editing efficiencies tested. Four different Cas9-sgRNA-NAT R constructs were 229 built using the design principles discovered for URA3 editing and transformed into R. 230 toruloides. After stable integration using the NAT R selection method and replating, a 231 significant number of white colonies for all four sgRNA variants were observed. Editing 232 efficiencies (determined as the ratio of white to red colonies) ranged from 3.4 ± 2.7% to 233 46.2 ± 22.2% (Fig. 3A) . Notably, these levels of editing efficiency are substantially higher 234 for CAR2 than for any of the URA3 targeting constructs, indicating that this genome region 235 is more amenable to Cas9-based genome editing. Furthermore, successful disruption of 236 CAR2 indicates that multiplexed gene editing might be possible by selecting for 5-FOA R 237 colonies that exhibit a white phenotype. 238
To explore multiplexed deletion of two genes in R. toruloides, a Cas9 construct 239 targeting both URA3 and CAR2 was created. For this, multiple sgRNAs were placed 240 together sequentially into an array, with each guide RNA separated by a tRNA sequence 241 (Fig. 3B ). This approach has been applied in other organisms to take advantage of 242 inherent tRNA post-transcriptional processing to express multiple unique sgRNA 243 sequences (42, 44, 45). Combining multiple sgRNAs in an array is particularly useful for 244 R. toruloides, as this minimizes the amount of genetic material that needs to be delivered 245 while maximizing the number of potential gene targets. Additionally, utilizing multiple 246 sgRNAs to target one gene at different locations allows for the possibility of removing a 247 large DNA in between the target sites, and also increases the possibility that the target 248 gene is successfully disrupted (20, 46, 47). Therefore, our constructs were designed to 249 express four sgRNAs (two for each gene) such that cleavage would occur at two sites 250 separated by ~500bp in both genes. 251
The multiplexed CRISPR editing construct fragment was transformed into R. 252 toruloides and multiple NAT R colonies were selected to screen for genetic disruptions. To 253 determine loss of CAR2 function, we grew colonies overnight in liquid cultures, which 254 were subsequently plated on Nat plates. Colonies were then screened for their red or 255 white phenotypes. This provided an estimate of the editing efficiency of CAR2, which 256 was determined to be 3.2% ± 0.5%, independently of the editing efficiency of URA3. To 257 determine loss of URA3 function, an equal volume of each culture was plated on both Nat 258 and 5-FOA plates and the CFU counts on each plate were compared. This provided an 259 estimate of the editing efficiency of URA3 of 1.1% ± 0.8%. Colonies growing on 5-FOA 260 were also screened for their red or white phenotypes to determine the dual-gene 261 disruption efficiency. Of the 5-FOA R colonies, 30.0% ±8.0% exhibited a white phenotype, 262 indicating simultaneous CAR2 and URA3 disruption. A representative example of a 5-263 FOA plate demonstrates the screening of dual-gene disruption (Fig. 3C) . 264
We next sought to confirm that these edits were indeed the result of successful 265
Cas9-mediated editing. For this, eight white colonies were selected from the 5-FOA plates 266 and the regions of URA3 and CAR2 which surrounded the Cas9 target sites were PCR 267 13 amplified. Gel electrophoresis of these PCR products revealed that several of the 268 samples reduced significantly in size from the predicted size of the wildtype PCR products 269 (717nt and 1637nt for URA3 and CAR2 respectively) (Fig. 3 D, E) . 270
Sequence-verification of these fragments was employed around the target cut sites 271 to see what type of gene editing events occurred (Fig. 3 F, G) . Sequencing revealed that 272 most of the cut sites contained indels resulting in frameshift mutations. Cas9-based gene 273 editing was observed at both target sites for each gene in seven out of eight replicates. Accomplishing this required overcoming significant barriers. Most notably, the lack 313 of a plasmid capable of replicating in R. toruloides to express CRISPR constructs, the 314 most common method for employing CRISPR editing in other fungi (24), requires 315 alternative approaches to express the editing system. One approach to accomplish this 316 would be to directly transform fully assembled Cas9-sgRNA RNP complexes (50). Such 317 an approach has proven successful in the distant basidiomycete relative Cryptococcus 318 neoformans (50), suggesting that it may one day prove successful in R. toruloides. An 319 alternate approach involving the delivery of DNA coding for CRISPR machinery was 320 explored in this study. We demonstrated that stable genome integration of a Cas9-sgRNA 321 expression cassette using a dominant selectable drug marker is sufficient to achieve gene 322 disruption. 323
The next major barrier we overcame was the successful expression of sgRNAs 324
intracellularly. This requires a robust RNA Pol-IIII promoter in order to achieve high 325 expression of the guides inside of the nucleus. R. toruloides, like many other non-model 326 fungi, have poorly explored Pol-III promoter systems (57). We therefore explored a variety 327 of such promoters, as well as RNA processing elements including ribozymes and self-328 splicing tRNAs. We found the optimal sgRNA expression system to be tRNA-driven 329 guides, preferably using designs guided from sgRNA prediction programs, such as 330 sgRNA Scorer (38). There is conflicting evidence in the literature as to whether inclusion 331 of a ribozyme element improves sgRNA expression, with some studies finding that it 332 increases editing efficiency (35, 40) while others find the opposite effect (58). Here, our 333 results indicate that ribozyme inclusion is detrimental to Cas9 editing efficiency in R. 334
toruloides. Additionally, we demonstrated that multiple functional sgRNAs can be 335 expressed from a single construct using the tRNA processing system described in 336 previous works (44, 45). The low level of editing efficiency in this multiplexed sgRNA 337 design, relative to the editing efficiency levels of the sgRNAs expressed independently 338 (especially CAR2 sgRNAs), indicates that further optimization of this design could 339 enhance multiplexed gene editing. This could include ensuring high-levels of endogenous 340 expression and efficient processing of the transcript into individual sgRNAs. While the 341 potential for optimization remains, our work towards optimized sgRNA expression 342 provides design guidelines for future CRISPR engineering efforts in R. toruloides. 343 A significant locus-dependent editing efficiency was observed in our study. Despite 344 much of our work focusing on optimization of URA3 deletion with Cas9, we achieved a 345 relatively low maximum editing efficiency at this locus of 0.62% ± 0.50%. However, 346 deletion of CAR2 was markedly more successful in even the worst-case scenario (3.4% 347 ± 2.7%), while the best-case scenario resulted in roughly a one-to-one ratio of white to 348 shaking. Where appropriate, E. coli media was supplemented with 100 µg/mL ampicillin 395 (or 100 µg/mL carbenicillin in place of ampicillin) or 50 µg/mL kanamycin to maintain 396 plasmids. 397 398
Plasmid construction 399
The coding sequence of Streptococcus pyogenes spCas9 and the SV40 NLS 400 (PKKKRKV) were codon-optimized for expression in R. toruloides (GenScript), with a 401 (Gly)3 linker included to connect the C-term of spCas9 to the NLS. The fusion protein was 402 placed under expression of the 800bp GAPDH promoter sequence and NOS terminator 403 sequence, which is known to promote strong gene expression in R. toruloides (2, 54). 404
The desired optimized sequences were synthesized by GenScript and sequence verified. 405
All plasmids were commercially synthesized excluding plasmids p213 and p227-233, 406 which were constructed in our lab as follows. Plasmid p213 was first constructed by 407 20 creating two PCR products from p90 using primers 100-103, and subsequently using In-408
Fusion HD Cloning (Clontech) to stitch the PCR products together. Plasmids p227-233 409 were created from p213 using primers 104-117 in PCR reactions to create new sgRNA 410 target sequences in individual PCR products, which were subsequently circularized using 411
In-Fusion HD Cloning. A table of strains, plasmids, primers used in this study are in tables 412 S1-3 and are available from the JBEI Registry (https://registry.jbei.org/). 413
414
Transforming DNA preparation 415 DNA for transformation into R. toruloides was prepared from the aforementioned 416 E. coli plasmids. To integrate their corresponding Cas9-constructs into the genome, 417 plasmids p90-99 and p184-190 were digested with HindIII, while plasmids pGI103-132 418 were digested with NdeI. Digestion products were subsequently confirmed using gel 419 electrophoresis and purified using a PCR purification kit (DNA Clean & Concentrator, 420 Zymo Research). These purified products were used directly for transformation. An 421 alternative method was used to integrate the corresponding Cas9-constructs on plasmids 422 p213-233 into the genome. These plasmids were instead PCR amplified using primers 423 122 and 123 (Table S2) , and the PCR products were subsequently confirmed using gel 424 electrophoresis and purified using a PCR purification kit. These purified PCR products 425 were used directly for transformation. Regardless of DNA preparation method, 426 approximately 500 ng of transforming DNA was used for transformation. 427 
